Introduction
Whole brain radiotherapy (WBRT) administered in addition to neurosurgery or stereotactic radiosurgery (SRS) consistently led to improved intracranial control of metastatic brain disease in randomized controlled trials but without an associated overall survival (OS) benefit [1] [2] [3] [4] [5] . Both the efficacy of salvage therapy and the competing risk of death from extracranial disease have been put forward to explain this observation [5, 6] .
The relative importance of these two factors has significant clinical implications. If there were perfect salvage therapy, upfront WBRT would never be indicated in addition to SRS or surgery for patients with limited metastases. If, however, competing risk from systemic disease is the prime factor that decouples improved intracranial control and OS, then there may be a patient population with limited competing systemic risk that would benefit from WBRT. In fact, re-analysis of a prior randomized trial of SRS with or without WBRT suggested such an OS benefit from WBRT for patients with good prognostic grading [6] .
The European Organization for Research and Treatment of Cancer (EORTC) 22952-26001 study is the largest prospective trial of SRS or neurosurgery with or without WBRT in the setting of limited brain metastases, finding no impact of WBRT on OS [4] . Furthermore, EORTC 22952 was unique in requiring stable extracranial disease or brain only metastases at enrollment, and is thus enriched for patients with a potentially reduced risk of death from non-CNS causes at enrollment [4] . While this population with seemingly low competing risk from systemic disease had no benefit in the overall population, we re-analyzed EORTC 22952 to determine whether WBRT improved OS for patients with controlled extracranial disease following treatment and for patients with favorable prognostic factors.
Methods-patients Study design
This is an unplanned secondary analysis of the phase III EORTC 22952-26001 trial which randomized patients with one to three brain metastases with stable systemic disease or asymptomatic primary tumors with brain only metastasis to adjuvant WBRT or observation after SRS or surgical resection [4] . Eligibility criteria included patients aged 18 years or older, WHO performance status 2 at baseline, one to three brain metastases, and stable systemic cancer for 3 months or asymptomatic synchronous primary tumor without metastases outside the CNS. Maximum tumor sizes were 3.5 cm for single and 2.5 cm for multiple metastases. The original protocol was approved by ethics committees at participating institutions and all patients provided written informed consent. This secondary analysis was approved by the EORTC and the Fox Chase Cancer Center institutional review board.
Intervention
WBRT was administered to 30 Gy in 10 fractions. SRS was prescribed to 25 Gy at the center of the metastases, with a minimum dose of 20 Gy to the surface of the planning target volume (1-2 mm margin in addition to gross tumor volume). Patients undergoing SRS completed a short steroid taper around the time of their procedure. Surgical patients underwent complete resection with the extent of resection assessed similarly for all patients of a single institution. CT/MRI were strongly recommended.
Statistical analysis
Baseline characteristics of patients were compared across treatment arms using Chi-squared tests. The primary analysis population was defined as 'as treated per-protocol', i.e. patients who actually received/did not receive WBRT in accordance with their randomly assigned treatment (supplementary Figure S1 , available at Annals of Oncology online). In secondary analyses, we also considered 'as treated' and 'intent to treat' populations; analyses and definitions of populations are listed in the supplementary data, available at Annals of Oncology online. We used Kaplan-Meier curves to estimate survival functions in patient groups defined by receipt of WBRT, and compared survival between groups using log-rank tests. We used Cox proportional hazards regression to adjust for important patient factors. We included time to extracranial progression as a time-dependent covariate, and estimated hazard ratios (HRs) for WBRT both before and after extracranial progression. For context, we also created cumulative incidence curves for extracranial progression in a competing risks framework. We further carried out a landmark analysis, examining survival in the subset of patients who survived without extracranial progression to at least 6 months. Diagnosisspecific GPA values were calculated for patients with non-small-cell lung cancer (NSCLC) and dichotomized as favorable (GPA 2.5-4.0) or unfavorable (GPA 0.5-2.0) prognoses to analyze the relationship of prognosis and WBRT and to compare results with prior studies [6] . For the GPA calculation, we considered the following performance status conversion: ECOG/WHO 0 ¼ KPS 90%-100%, ECOG/WHO 1 ¼ KPS 70-80, and ECOG/WHO 2 ¼ KPS < 70 [7] . Statistical significance was defined as P < 0.05. Analyses were carried out using SAS (version 9.4) and Stata (version 12.1) statistical software.
Results
Overall, a total of 329 patients were included in the analysis (supplementary Figure S1 , available at Annals of Oncology online). The median follow-up among living patients was 26 months. Baseline patient characteristics reflected the original publication (Table 1) [4] . A total of 115 (35%) patients had no extracranial progression during study follow-up, while 70 (21%) patients had extracranial progression <90 days, 65 (20%) between 90 and 180 days, and 79 (24%) patients >180 days.
A total of 175 NSCLC patients had data available for GPA calculation; 101 (58%) had favorable diagnosis-specific GPA scores. The distribution of GPA among NSCLC patients was 3.5-4.0 (13), 2.5-3.0 (88), 1.5-2.0 (65), and 0.5-1.0 (9). Baseline patient characteristics for NSCLC patients stratified by GPA are listed in supplementary Table S1 , available at Annals of Oncology online.
Time to extracranial progression
There was no significant difference in time to extracranial progression according to the receipt of WBRT (supplementary Figure S2 , available at Annals of Oncology online). OS according to receipt of WBRT before extracranial progression yielded similar estimates of survival in the two groups ( Figure 1A ). In the model-based risk of death, WBRT was not statistically significantly associated with mortality either before extracranial pro Table S3 , available at Annals of Oncology online) or as treated (supplementary Table S6 , available at Annals of Oncology online) populations.
Landmark analysis
The time to systemic progression with death as a competing risk (i.e. the cumulative incidence of systemic progression over time) is shown in supplementary Figure S2 , available at Annals of Oncology online. The impact of WBRT on OS for patients with controlled systemic disease at 6 months (landmark) following randomization is shown in Figure 1B . Patients who died within 6 months following randomization were excluded to limit bias. There was no impact of WBRT on survival among patients with controlled disease at 6 months (P ¼ 0.51).
NSCLC diagnosis-specific GPA OS did not vary according to the use of WBRT in NSCLC patients with either favorable or unfavorable GPA scores (Table 3 ; Figure  2 ) in the per-protocol analysis. Analysis according to intention to treat (supplementary Table S4 and Figure S4 , available at Annals of Oncology online) and as treated (supplementary Table S7 and Figure S6 , available at Annals of Oncology online) showed similar findings.
Discussion
No phase III randomized trial has demonstrated that the improved intracranial control resulting from the addition of WBRT to SRS or surgery for patients with limited brain metastases translates into a survival benefit. One potential reason for this disconnect may be the competing risk of death from systemic disease, which may dilute or eliminate any benefit from WBRT [5, 6] 
WBRT treats the possibility of microscopic disease, marginally improves control of known disease in addition to local therapy, and may not address future metastatic disease to the brain. Thus the risk of death from systemic progression must be relatively low compared with that of microscopic CNS disease in order to derive a benefit from WBRT. Though the diagnosis of brain metastasis is frequently perceived as the portent of a grim prognosis, systemic disease status and its response to therapy is typically the driver of mortality [8, 9] . Retrospective analyses have shown that the risk of extracranial disease progression is a major prognostic factor [10, 11] . In fact, the Radiation Therapy Oncology Group (RTOG) recursive partitioning analysis (RPA) prognostic index, derived from pooled RTOG trial data in brain metastases, had two of four prognostic factors (controlled primary and brain only metastases) related to risk from systemic progressive disease [12] .
While several other randomized studies showed no survival benefit from the addition of WBRT to ablative local therapy in oligometastatic disease, the EORTC 22952 was unique in allowing only patients with no evidence of progressive extracranial disease on study. While this eligibility criterion may have constituted an ideal population from which to isolate a survival signal from WBRT given the hypothetically decreased risk from systemic disease, no improved survival was seen with increased intracranial control [4] . In fact, in spite of the restrictive eligibility criterion, 40% of patients experienced extracranial progression by 6 months. We hypothesized that if the patients that were truly at low risk for disease progression could be identified, perhaps a benefit from WBRT would be discovered. In order to answer this question, we conducted a landmark analysis for patients that had not progressed by 6 months, intending to identify factors that predicted systemic stability should there have been a benefit to WBRT in that group. But instead we found no improved survival for patients that had not progressed systemically. There was no difference in risk of death related to WBRT before extracranial progression nor was WBRT associated with survival after showed in a post hoc analysis of the JROSG 99-1 trial that there was longer survival associated with WBRT for patients with NSCLC and a favorable graded prognostic assessment (GPA) score (2.5-4.0) at diagnosis but not for those with a poor GPA. The GPA is a more contemporary prognostic index that reflects Patients were censored at the time of follow up or extracranial progression. Thus, this plot displays the survival effect of WBRT among patients without evidence of extracranial progression (estimated from all patients, using their extracranial progression free interval).
(B) Landmark analysis of OS according to the receipt of whole brain radiotherapy (WBRT). The landmark represented the absence of extracranial progression at 6 months. Patients with events before 6 months were excluded from analysis.
the heterogeneity in survival between and within primary cancers better than RPA [13] . In addition to extracranial disease status, age, performance status, and number of brain metastases factor in to the NSCLC GPA used in re-analysis. Contrary to the JROSG re-analysis, however, we found no survival associations with WBRT for NSCLC cancer patients with a favorable GPA at time of randomization (Table 3; Figure 2 ). Again, replicating the analysis in the intention to treat and as treated populations yielded similar estimates (supplementary  Tables S4 and S7 , available at Annals of Oncology online, respectively).
There are several possible reasons for these discordant findings. The original EORTC 22952 trial was not powered to detect an OS difference. Sample size was small in both our unplanned analysis (n ¼ 101) and the JROSG secondary analysis (n ¼ 47). We considered the possibility that the current analysis may lack power and constitute a type II error. Because post hoc power calculations are flawed [14] , we directly compared the estimates of benefit for the two analyses. The JROSG analysis reported an increased risk of death for patients with DS-GPA >2.5 who did not receive WBRT, with an HR of 1.92, which is equivalent to an HR of 0.52 for receipt of WBRT. This magnitude of benefit from WBRT was outside of the lower bound 95% confidence interval of our estimate [HR (95% CI) ¼ 1.11 (0.71-1.76)] among the comparable favorable DS-GPA patient group. In fact the HR for death in our population was slightly over 1, a non-significant trend towards a detriment with WBRT. Therefore, while a false negative error certainly remains a possibility in our analysis, a large benefit with a similar magnitude to that seen in the JROSG study is unlikely.
Differences in the populations studied and the biology of disease may also play a role in the discordant findings. JROSG 99-1 included patients from a consortium of 11 Japanese centers. The biologic heterogeneity of NSCLC cancer between Asian and nonAsian populations has been well documented, specifically in the incidence of epidermal growth factor receptor (EGFR) tyrosine kinase mutations [15] . It is conceivable that the ability to detect a survival benefit from WBRT among patients with NSCLC and a favorable GPA in JROSG-99-1 reflects an enriched population of EFGRmutated cancers with different patterns of failure and responses to systemic therapy, which in turn permit superior upfront detection of patients who will benefit from WBRT. That is, biologic differences may account for an actual survival benefit seen for WBRT in the Japanese analysis but not in the European one. Perhaps the transition to a molecularly driven lung-specific GPA (Lung-molGPA) [16, 17] would have helped normalize the differences between the JROSG and our study. While our model-based analysis using progression of extracranial disease as a time-dependent covariate and landmark analysis may mitigate some differences between the populations in terms of risk of systemic progression, the availability of and response to systemic therapy after progression for EGFR mutant tumors is not accounted for in this analysis.
Finally, the results of either or both analyses may be a product of the limitations of secondary analyses. In short, they are exploratory and not designed to definitively answer the hypothesis in question. Further investigation into populations that may benefit from the upfront delivery of WBRT might include tumor molecular factors as well as other clinical factors such as the risk for leptomeningeal disease [18] [19] [20] [21] [22] .
Conclusion
Our secondary analysis of EORTC 22952-26001 found no association of WBRT with improved survival, regardless of the competing risk from systemic disease progression and regardless of favorable prognostic factors in NSCLC. These results are discordant with another secondary analysis; further investigations are warranted to elucidate possible subgroups that might benefit from aggressive intracranial control. WBRT, GPA<2.5 WBRT, GPA>=2.5 Figure 2 . Overall survival among non-small-cell lung cancer (NSCLC) patients according to receipt of whole brain radiotherapy stratified by diagnosis-specific Graded Prognostic Assessment (GPA) score (per-protocol). NSCLC patients (n ¼ 175) were stratified according to GPA scores of <2.5 (unfavorable) and 2.5 (favorable).
